The insecticidal and neuroblocking activities of Mannich bases prepared from chloronicotinyl-and chlorothiazolylmethyl-nitromethylenimidazolidines, known potent insecticides, were measured in American cockroaches. The concentrations needed to cause neuroblocking in excised central nerve cord of the insects (BC) were 100-140 mM, far higher than those, 1.6-1.9 mM, for the starting compounds. However, the minimum lethal doses by injection (MLD) for the Mannich bases were 0.92-1.2 nmol, not very different from the values, 0.28-0.46 nmol, for the starting compounds. The half-life of the Mannich base decaying to the original molecule was 5.3 hr in a physiological solution, which also suggests the potential of Mannich bases as proinsecticides for nitromethylene molecules.
INTRODUCTION
The dehydrative condensation of a compound containing an active hydrogen and formaldehyde with ammonia or primary or secondary amine is known as the Mannich reaction. 1) This reaction is mechanistically reversible and the condensation product called a Mannich base can be decomposed into the three starting components under hydrolytic conditions. If one starting component is a biologically active ingredient, the active substance can be regenerated in vivo or in vitro and displays activity at an appropriate stage. Such a compound is called a prodrug. In the neonicotinoid field, the known potent insecticidal nitromethylene compound 1 2, 3) or 2 4) has served as a model for proinsecticides.
Mannich bases like 3 or 4 are just such a case. 5, 6) The adduct was constructed literally according to a Mannich reaction protocol, that is, the condensation of active-hydrogen bearing compound 1 or 2, formaldehyde and methylamine. We examined the insecticidal activity of prodrug compounds 3 and 4 on injection into cockroaches and conducted neuroblocking measurements with excised nerve preparations of this insect. [7] [8] [9] [10] MATERIALS AND METHODS
Materials
The procedures used to prepare compounds 1, 
Biological Assays
Reagent-grade piperonyl butoxide (PB), an inhibitor of oxidative metabolism, is commercially available. NIA16388 (propargyl propyl benzenephosphonate; NIA), an inhibitor of the hydrolytic metabolism of a pyrethroid, tetramethrin, 12) was the same sample used in previous studies. [7] [8] [9] [10] 
Insecticidal tests against American cockroaches
The insecticidal test against adult male American cockroaches, Periplaneta americana L., was conducted as described previously. [7] [8] [9] [10] In short, various volumes (1-10 ml) of the methanol solution of each compound containing some amount of dimethyl sulfoxide (DMSO) were injected into the abdomen of the cockroach unless otherwise noted. Organic solvents alone in this range did not show any toxic effect. The method of dosing was described previously in detail. 7) In some experiments, a methanol solution (1 ml) containing PB (50 mg) and NIA (50 mg) was injected 1 hr before injection of the test compounds. The metabolic inhibitors in these amounts did not show any toxic effect.
To determine the minimum lethal dose (MLD in mol) for each compound, three insects were used for each dose. They were kept at 24-27°C for 24 hr after the injection. The minimum dose at which two of the three insects died was taken as the MLD. Paralyzed insects were counted as dead. The MLD values for the test compounds are listed in Table 1 .
Neurophysiological test
The neurophysiological activity of the test compounds was measured practically in the same way as that previously reported. [7] [8] [9] [10] In brief, the abdominal central nerve cord of an adult male American cockroach was excised between the fourth and fifth ganglia. One of two bundles divided from the thoracic side of the nerve cord was tightly taken up with saline (210.4 mM of NaCl, 2.9 mM of KCl, 1.8 mM of CaCl 2 , 1.8 mM of Na 2 HPO 4 and 0.2 mM of KH 2 PO 4 ; pH 7.3) into a glass tube, in which a chlorinated silver wire was set as the electrode. As the reference electrode, another silver wire was set outside the tube. The number of spontaneous discharges that were larger than 15 mV was counted consecutively with a pulse counter (MET-1100, Nihon Kohden, Tokyo) over 30-sec periods. When the frequency decreased and stabilized within a range of 30-300 counts per 30 sec, the saline solution was exchanged for saline containing each test compound dissolved in methanol containing some amount of DMSO. The final concentration of the organic solvents was lower than 1% (v/v), which did not affect the neural activity of the compounds. Experiments were conducted at 22-25°C. The concentration for each compound required to block the excitation to a certain level, BC (M), was determined from a dose-response relationship as described previously. [8] [9] [10] The values are listed in Table 1 .
RESULTS AND DISCUSSION
The insecticidal potencies of the original insecticides 1 and 2 and prodrug compounds 3 and 4 in adult American cockroaches on injection without synergists were tabled. The potencies of a compound substituted at the nitrogen atom on the imidazolidine ring of compound 1, 3-N-methyl derivative 5, 8) were given as the ref-
erence. It is noticeable that the activities of prodrugs 3 and 4 dropped by only 1/4 to 1/2 relative to those of the original compounds. This modest decrease is a good contrast to the drop to 1/60 of N-methyl derivative 5 relative to unsubstituted 1. Next we examined the behavior when pretreated with synergists PB and NIA. One of us applied these synergists to chloronicotinyl molecules and confirmed that they work on this class of insecticide. 7) Later we found that the synergistic magnitude varied with the alkyl chain length in the case of 3N-alkylated neonicotinoids. 8, 13) Recently, Nishiwaki et al. gave evidence that one of the functions of PB and NIA was to interfere with enzymatic hydroxylation at the methylene of the imidazolidine ring of imidacloprid. 14) We compared imidacloprid with some of the metabolites, and found the insecticidal activity following injection without the synergists of the 5-hydroxy metabolite and the subsequently dehydrated olefin to be 1/10 or less of that of imidacloprid. 15) The principal enzyme system involved in such biological functions is the P450 system. P450 exists ubiquitously in organisms, and the prevailing mechanism is hydroxylation at the a- methylene to the amine nitrogen atom. [16] [17] [18] Synergists PB and NIA exerted positive effects on all the compounds tested in a magnitude range from 2 to 10 (Table 1) . It follows undoubtedly from the above discussion that the pretreated synergists were to some extent contributing to the enhancement of the activity of amine compounds 1-5 by inhibiting the enzymatic hydroxylation on the imidazolidine ring. However, the question arises as to why the synergistic effects were positive for the Mannich bases although a rather marked enhancement of potency would be expected unless the synergists hampered the release of the more potent nitromethylene molecules 1 and 2. Recently, Casida and the coworkers carried out an informative experiment to explain this phenomenon. 19, 20) The principal process of metabolism by recombinant cytochrome P450 (CYP450) isozymes of imidacloprid is reduction at the nitroimine substituent, while the concomitant oxidation at the imidazolidine moiety forming 5-hydroxy followed by olefination is only a minor pathway. For now we are looking at the synergistic values for the prodrugs as an indication of the balance of increasing and decreasing effects caused by the synergists.
To evaluate the activity at the supposed target site, we measured the effect on the nerves of the compounds using an electrophysiological method. Neonicotinoid compounds immediately increase the frequency in nerve preparations and this increase is followed by a drop to a level lower than the control, where the strength of the neuroblocking activity is more reliable indication of the effects of test compounds. [8] [9] [10] In the present experiment using American cockroaches there were remarkable differences in neuroblocking potency between the unmodified imidazolidines 1 and 2, and prodrugs 3 and 4 and N-methyl derivative 5. The BC values were more than 100 mM for 3-5, far larger than the values, 1.6-1.9 mM, for 1 and 2. The contrast with the relatively high insecticidal activity of compounds 3 and 4 on injection without the synergists is a good indication for the prodrug, which was not the case for compound 5 showing evidently lower insecticidal activity. To confirm the prodrug possibilities of compound 3 as a Mannich base, we examined its stability in the physiological salt solution used for neurophysiological tests. Compound 3 decayed to 1 with a half-life of 5.3Ϯ0.2 hr (nϭ3) at 25°C, supporting the regeneration of the unveiled compound 24 hr after the injection. The concentrations needed to inhibit [ 3 H]imidacloprid from binding to the Musca nAChR by 50% were reported to be 0.24 nM for 1 and 0.7 nM for 3. 21) These values are similar, whereas their blocking concentrations determined in the present study differed by two orders of magnitude (Table 1) . One explanation for the distinction would be the difference in the insect species tested. Another reason may be more fundamental, the experimental conditions. As described above, neonicotinoids including these two compounds induced excitation in a shorter treatment period or at lower concentrations in the electrophysiological experiments, whereas they caused conduction blockage after longer treatment or at higher concentrations. [7] [8] [9] [10] Since the neurophysiological symptoms should be induced after the binding of the compounds with receptors, the excitative activity of these compounds may be related to the binding activity as the first symptom in the electrophysiological experiments. In short, the results from insecticidal experiments and neuroblocking measurements using American cockroaches revealed a considerable contribution by regenerated 1 and 2 to the insecticidal activity on injection without synergists.
